This paper attempts to present a concise review of the research done around parametric fault diagnosis methods for power electronic circuits, including model-based, knowledge-based, signal-based and other emerging fusion methods. Comments on the advantages and constraints of various methods, are also given. Finally, combined with the bottlenecks faced by the current parametric fault diagnosis field of power electronic circuits, the new trends of future research in this field are discussed.
I. INTRODUCTION
With the rapid development of the social economy, power electronic devices have been widely used in various industries. Especially in the field of new energy, the compound average growth rate of electric, full-hybrid electric, mild-hybrid electric, and plug-in-hybrid EVs will reach 28% from 2015 through 2022 [1] . In China, new energy power generation is developing rapidly, with installed capacity and power generation ranking first in the world. By the end of 2018, the total installed capacity of new energy power generation had exceeded 350 million kW, and it increased of 21 .9% year-on-year [2] .
In order to meet the needs of users in these fields, a variety of new power electronics products is emerging and the structure is becoming more complex. This will inevitably lead to increase significantly the possibility of new faults in the equipment, making the diagnosis more difficult. According to the degree of change of the macro performance of the circuit caused by the failure of the power electronic device, the fault can be divided into two categories [3] : structural failures and parametric failures. Structural faults, also known as hard faults, refer to a type of fault that causes a circuit topology change due to a serious failure such as an open circuit or a short circuit of the power electronics. Hard faults are sudden and often lead to drastic changes in circuit functions, which can easily lead to catastrophic consequences. Parametric faults, also known as soft faults, are fault types in which electronic components are offset as their performance degrades. Soft faults have a gradual change, which does not cause a sudden loss of circuit function, but it will lead to changes in system performance. If it is not processed effectively, it will eventually become a catastrophic failure. Therefore, an in-depth study of power electronics early parametric fault diagnosis methods is not only conducive to detect and eliminate timely potential parameter faults of equipment, but also fault diagnosis and redundant design to reduce system failure rate. To improve equipment reliability, these are of great practical significance.
The fault diagnosis technology of power electronic systems has developed rapidly in the past decade, but it mainly focused on structural failures. In recent years, with the complexity and modularization of power electronic systems, parametric fault diagnosis methods for the degradation of capacitors and switching tubes have also been continuously studied. Based on these studies, this paper summarizes parametric fault diagnosis methods of power electronic converters, including model-based, knowledgebased, signal-based and other emerging fusion methods, and analyzes simultaneously the advantages and constraints of various methods, and finally combined with the current bottlenecks in the field of parametric fault diagnosis of power electronic circuits, explored new trends in future research in this field. system established by the mathematical model to generate a residual, and using the residual for fault analysis and processing. The principle is shown in Fig. 1 . According to the actuator and the sensor, through the analytical model of the establishment process, the residual value is used to detect the change between the measured value and the estimated value, thereby achieving the purpose of fault diagnosis.
II. RESEARCH STATUS OF POWER ELECTRONIC PARAMETRIC FAULT DIAGNOSIS METHODS

A. Model-based fault diagnosis methods
According to the difference of residual forms, it can be subdivided into parameter estimation approach and state estimation approach.
For the parameter estimation and identification approach, in [4] , firstly it starts from the basic physical characteristics of the power electronic circuit, and which is represented by the hybrid system model. Then the state and parameters of the hybrid electronic power circuit model are estimated by strong tracking filter, and the modified Bayes algorithm is used to make real-time fault diagnosis. A fault diagnosis method based on online model is proposed in [5] . For the aging of the device, the particle swarm optimization algorithm is used to identify the device parameters online.
In terms of estimating capacitors equivalent series resistance (ESR), since capacitors usually determine the overall life of power electronic converters, they are the main source of faults. A new technology to detect faults in capacitors in Boost converters is proposed by [6] , and it can also implement real-time Online diagnosis. This technology is based on a double estimate of ESR and capacitance, which improves diagnostic reliability and predicts maintenance. In [7] , compensates for ESR by using a cost-effective temperature sensing circuit and a thermistor to obtain a more accurate estimate. From the estimated ESR values in the experiment, the deterioration of the electrolytic capacitor can be diagnosed effectively and accurately.
In the research of state estimation approach, [8] reviewed the power electronic reliability modeling method, from the device structure to the thermoelectric and thermomechanical viewpoints, thus developing the state monitoring technology of power electronics. This technology usually uses a priori knowledge-based model to detect faults in the current mode and state of power electronic converters, providing an effective means to improve reliability.
Although the fault diagnosis technology based on analytical model is researched earlier and applied in process control systems in some industries, the current situation in the literature is: due to strong interference and the nonlinearity of the object of the diagnosed power electronic system, the fault diagnosis method of the analytical model still has many blanks in a wide variety of power conversion systems.
B. Knowledge-based fault diagnosis methods
As mentioned above, the modeling of nonlinear power electronic systems is very difficult, and there are not many means for estimating the parameters or estimating the state of fault diagnosis. Especially when the model of the monitored system is uncertain and the statistical characteristics of the noise are not ideal, it is more difficult to get a more accurate parameter estimate or state estimate. The knowledge-based diagnosis method does not rely on the control system analysis model, thus avoiding the difficulty of extracting the mathematical model of the object. At present, knowledgebased methods for power electronic system fault diagnosis include neural network approach, fuzzy inference approach, and pattern recognition approach.
In the research of neural network approach, [9] uses the closed-loop controlled DC-DC conversion circuit as a diagnostic example. Under different working conditions, it simulates the hard and soft faults in the main circuit based on simulation experiments and physical experiments. At the same time, aiming at the shortcomings of back-propagation neural network (BPNN) apt to fall into local minimum value, an improved method for initial weight and threshold optimization of BPNN using thought evolution algorithm is proposed. Then in [10] , for the above-mentioned parametric fault diagnosis of power electronics, the multi-device failure mode is added, and four kinds of algorithms are compared and analyzed. The examples show that all four diagnostic algorithms can achieve good diagnosis effect, and average fault diagnosis rate is over 90%. In [11] , BPNN is used to identify the circuit operating parameters and component fault characteristic parameters. According to the identification results, the fault characteristic parameters of the circuit are further obtained. The fault characteristic parameters of components and circuits are compared with their corresponding fault thresholds to determine whether A fault occurs to enable online fault diagnosis of components and circuits. In order to solve the fault diagnosis of closed-loop single-ended primary inductance converter, a new optimized deep belief network (DBN) is proposed in [12] , which select the number of neurons in two hidden layers by Crow search algorithm (CSA) with training samples. Finally, it is classified by CSA-DBN. Compared with BPNN and support vector machine (SVM) fault diagnosis approaches, this approach has higher classification accuracy, but the optimized algorithm has a longer calculation time, and future research will focus on improving computational efficiency.
The parametric fault diagnosis approach based on neural network can learn, generalize and popularize from the sample, and has strong adaptive ability, but how to determine the appropriate network structure and scale, how to balance the convergence, rapidity and real-time of the algorithm and how to ensure the integrity and representativeness of the learning samples have yet to be further studied.
In the research of fuzzy reasoning approaches, a classifier fusion diagnosis approach based on fuzzy reasoning is proposed in [13] . The neural network and support vector machine classifier are used as two sub-classifiers of fuzzy inference input. The corresponding membership function is designed to fuzzify the output of the two classifiers, and the calculation is based on the pre-processed fuzzy transformation matrix to get the fusion output of the system. The simulation experiment and analysis of a Cuk circuit show that the obtained diagnostic method is effective and better than the diagnostic accuracy of any single subclassifier. At the same time, the approach is robust to random noise.
The advantage of parametric fault diagnosis based on fuzzy inference is that it can embed linguistic knowledge and approximate reasoning ability. However, compared with the traditional fault diagnosis theory and method, there is still immature. For example, effective methods have not been established to analyze and design fuzzy systems, mainly relying on expert experience and trial-and-error; fuzzy logic systems lack self-learning capabilities that are necessary in some highly demanding real-time fault diagnosis situations.
In the pattern recognition approach, the aging of power insulated gate bipolar transistor (IGBT) modules is studied in [14] . The IGBT module of 1200V-30A specification has passed the power cycle aging test, aiming to highlight the external indicators of aging that can be measured online and in real time. Then, these indicators are diagnosed through manual training approaches based on pattern recognition. In [15] , the fault identification approach based on Fisher discriminant analysis is studied and compared with the experimental results of RBF neural network identification. The results show that the diagnostic accuracy based on Fisher discriminant analysis is higher.
Pattern recognition theory is one of the most active topics in the field of artificial intelligence in recent years. Although it has obtained a lot of practical applications in image processing and speech recognition, its application in the field of parametric fault diagnosis is not enough.
C. Signal-based fault diagnosis methods
Signal-based fault diagnosis methods are to use the spectrum or wavelet technology to act on the signal model, extract relevant feature values for analysis, and diagnose the occurrence of the fault. This method is widely used in parametric fault diagnosis since it does not need to establish an accurate mathematical model and it is easy to implement in engineering. The schematic diagram is shown in Fig. 2 . It is worth noting that when processing signals using methods such as spectral analysis, sometimes it is necessary to combine with the knowledge base to determine the location of the fault. A method for fault diagnosis of power electronic circuits based on wavelet analysis and Mahalanobis distance is proposed in [16] , and it applied to DC-DC converter circuits. At the time of diagnosis, the unknown fault circuit data is measured, sampled and analyzed by wavelet, and the fault of the circuit to be tested can be judged by calculating the Mahalanobis distance between the unknown fault and the fault set. The algorithm is simple, the data storage amount and calculation amount are small and the application is convenient, and it is a very effective fault diagnosis method. [17] is based on the wavelet transform of the measurement signal, which sets the tolerance limit by statistical processing data obtained from a set of fault-free circuits. In wavelet analysis, two test metrics are introduced, one based on the normalized Euclidean distance discrimination factor and the other is the Mahalanobis distance discrimination factor. Both of these indicators rely on wavelet energy calculations. In [18] , the discrete wavelet transform is used to filter the test signal, which is used as a filter bank to obtain the signal component sensitive to the change of the device parameters. At the same time, the coefficient of the polynomial approximating the component is calculated and used to develop learning vector of the feedforward neural network. Although the proposed algorithm can correctly identify single-parameter defects, the test conditions and the learningsensitive signals generated by the pre-processing process may adversely affect the selected parameters.
Signal-based fault diagnosis methods have lower requirements on the input signal and strong anti-noise ability. However, after signal processing, how to ensure the maximum information integrity of the original signal is always a problem worth studying.
D. Other emerging fusion approachs
In addition to the more commonly used methods described above, there are other methods or hybrid methods that are also used in power electronic parametric fault diagnosis.
A hybrid diagnostic framework based on hybrid bond graph (HBG) and genetic algorithm (GA) is proposed for multi-parameter fault diagnosis in power electronic circuits in [19] . The circuit is modeled by HBG modeling techniques and the GA approach is used to identify component failures. This approach is suitable for the diagnosis of single and multiple parameter faults. In [20] , the capacitor aging process is manifested by increasing its ESR and it is based on the fact that its value should not exceed twice the initial value. In [21] , the traditional SVM is added to the empirical mode decomposition for preprocessing and the principal component analysis is used to extract the characteristic parameters, and the diagnostic accuracy is greatly improved. There are lots of optimizations for SVM in [22] , but it is excellent in structural fault diagnosis. There is no big breakthrough in the diagnosis of parametric faults. Therefore, the application of SVM to diagnose parametric faults is still to be discussed.
III. THE MAIN PROBLEMS CURRENTLY FACING AND THE
FUTURE DEVELOPMENT TREND
At present, most of the fields of power electronic fault diagnosis focus on structural faults. There are still few researches on parametric faults and it is not comprehensive enough and not deep enough. Therefore, there are naturally many problems worthy of attention:
1 With the advent of the era of big data and the rise of artificial intelligence and deep learning, timely introduction of new theories and technologies into the field of fault diagnosis of power electronic circuits, forming a fault diagnosis technology with superior performance, which will be an important trend for the development of the field in the future.
2 As the complexity of the system increases, fault diagnosis techniques based on the integration of multiple data sources will also receive more attention. Using multisensor fusion methods or using a single sensor but using multiple information extraction methods to fuse different data sources, comprehensive evaluation can reflect various fault information, which can greatly improve fault coverage rate and accuracy rate of diagnosis results.
3 At present, studying the parametric fault of power electronics is to study a gradual process. How to perform effective real-time classification and detection when it reaches artificially set parameter fault range is a direction worthy of follow-up research.
IV. CONCLUSION
In the field of power electronic fault diagnosis, although most of them are for structural fault research, practical problems such as aging of power electronic device parameters can not be ignored in recent years. This paper summarizes the widely used parametric fault diagnosis methods, including model-based, knowledge-based, signalbased and other emerging fusion methods, and explains correspondingly the research status, characteristics and deficiencies of these methods. Finally, the shortcomings of the current power electronics parametric fault diagnosis field and the future development direction were discussed. With the further study of parametric fault diagnosis, it will promote systematic and intelligent process strongly in the field of fault diagnosis.
